Abstract Cells behave in a variety of ways when they perceive changes in their microenvironment; the behavior of cells is guided by their coordinated interactions with growth
Introduction
Periodontitis is an oral biofilm-induced chronic inflammation, leading to the loss of connective tissue around the tooth, and is one of the most prevalent infectious diseases worldwide (Pihlstrom et al. 2005) . The tooth-supporting periodontium is a complex organ consisting of dental epithelial-mesenchymal tissues (Nanci and Bosshardt 2006) (Fig. 1 ). Homeostasis and regeneration of the periodontium is important for improving the oral health and systemic conditions (Tonetti et al. 2007 ). Regeneration of periodontium requires orchestration of several cell types including gingival epithelial cells, periodontal ligament cells (PDL cells), cementoblasts, and bone cells (See Glossary). The cell lineages of periodontium can construct the epithelial barrier, fibrous attachment between tooth root and bone with vascular and nerve supplies, and supporting bone (alveolar bone) surrounding tooth. The tissue healing patterns following periodontal therapy depend on the cell type that can dominantly migrate and proliferate into the wound sites to reconstruct the Bperiodontal defects^ (Fig. 1) . Moreover, the recruitment of residential tissue stem cells and subsequent differentiation is important to achieve the regeneration of the wound tissue (Melcher 1976; Aukhil 2000) .
PDL cells contain a heterogeneous fibroblast population including osteogenic progenitor cells and mesenchymal stem cells (MSC) that can regenerate cementum, bone, and the PDL tissue itself (Seo et al. 2004) (Fig. 1) . PDL cells-mediated fibrous attachment prevents inflammation from spreading across the epithelial-mesenchymal boundary. PDL cells adjacent to the cementum are derived from the ectomesenchymal cells of the dental papilla while those adjacent to the bone are derived from perivascular mesenchyme cells (See Glossary). Therefore, PDL cells have specialized properties that are different from those of the cells in other connective tissues. PDL cells have high alkaline phosphatase (ALP) activity, and they produce mineralized nodules and high quantities of various extracellular matrix (ECM) components, with a higher matrix turnover and remodeling rates than those in gingiva, skin, and bone (Beertsen et al. 1997) . For the purpose of exogenous stemness, although transplantation of PDL cells can contribute to the reconstruction of periodontal tissue in vivo and in clinical case studies (Seo et al. 2004; Chen et al. 2016) , there are yet many socio-economic hurdles to overcome. Therefore, it is important to modulate wound healing by recruiting residential PDL cells into the tissue defect for regeneration and homeostasis of periodontium.
All the categories of cell behavior, including cell migration, proliferation, and differentiation, are regulated as the cells can perceive the changes in the local biochemical and mechanical microenvironment, defined by coordinated interactions with growth factors, neighboring niche cells, and ECM (Bottaro et al. 2002; Discher et al. 2009) (Fig. 2 ). Progenitor and stem cells are highly sensitive to the intrinsic properties of their ECM (Engler et al. 2006; Reilly and Engler 2010) . These cells tune their internal stiffness in compliance with the ECM by modulating actin polymerization and crosslinking, which are responsible for altering the cell morphology and gene expression during tissue remodeling (Mammoto and Ingber 2009) . The mammalian Rho guanosine triphosphatases (Rho GTPases) are a family of 20 intracellular signaling molecules within the superfamily of Ras-related small GTP-binding proteins, which act as molecular switches cycling between an active GTP-bound state and an inactive GDP-bound state (Jaffe and Hall 2005) . ECM-integrin adhesion and cytoskeletal structures contribute to the regulation of RhoA (hereafter referred as Rho) and Rho-associated coiled-coil-containing protein kinase (ROCK). Rho/ROCK signaling is one of the most extensively characterized Rho GTPase pathways in actin cytoskeletal dynamics (Ishizaki et al. 1996; Manneville and Hall 2002) . Changes in cell shape, cytoskeleton, and matrix stiffness regulate osteogenic or adipogenic differentiation of MSC by modulating Rho/ROCK signaling (McBeath et al. 2004; Kilian et al. 2010) . ROCK is also activated by several growth factors such as platelet-derived growth factor-BB (PDGF-BB) (Schmidt and Hall 1998; Schoenwaelder and Burridge 1999) . The current understanding about Rho/ ROCK signaling suggests that this signaling pathway is essential for directing cell fate determination in response to both mechanical and soluble biochemical factors (Fig. 2) .
This review highlights how Rho/ROCK signaling affects fate determination of stem cells, especially PDL cells, and the currently known underlying mechanisms of reciprocal PDL cells-microenvironment interactions. The inflammatory responses by Rho/ROCK signaling are also discussed from a different perspective for designing new therapeutic strategies. . PDL cellsmediated fibrous attachment (the bottom area) prevents the spread of inflammation into the depth. Furthermore, the perivascularly mediated vascular and nerve supplies are integrated with PDL fibers, which contribute to homeostasis of periodontium. In an ideal microenvironment, PDL cells can proliferate and migrate into the bone defect site and differentiate into cementoblasts and osteoblasts. Subsequently, PDL cells can regenerate cementum, bone, and the PDL connective tissue itself until they cure the bone defect
Mechanotransduction
Mechanotransduction is the process by which cells transduce physical force-induced signals into biochemical responses and direct differential gene expression to facilitate adaptations in mechanical stress (Ingber 2003) . Mechanical stress-induced alterations in cell shape and structure are vital for the control of cell growth, migration, differentiation, and apoptosis (Chicurel et al. 1998) . Mechanical forces and matrix mechanical properties impact the cytoskeletal tension and regulate stem cell lineage commitment in part by Rho/ROCK signaling (Chen and Jacobs 2013; Ivanovska et al. 2015) . Recent studies shed light on the striking roles of transcriptional regulators Yes-associated protein (YAP)/transcriptional coactivator with PDZ-binding motif (TAZ), which are the downstream effectors of the Hippo pathway (Pan 2010) , in mechanotransduction. YAP/TAZ activity requires Rho and tension of the actin cytoskeleton, but is independent of the Hippo cascade (Dupont et al. 2011; Wang et al. 2016) . Our understanding of the entire process of mechanotransduction is yet preliminary, and further in vivo investigation is needed. Fig. 2 ECM-microenvironment and ROCK activity interactively regulate proliferation, migration, and differentiation-state of PDL cells. All cell behavior regulated by the local microenvironment and directed by coordinated interactions with growth factors, extracellular matrix (ECM), and niche cells. ECM-integrin adhesion and growth factors (GF) respectively mediate multiple intercellular signaling, such as Rho-GTPases via assembly of focal adhesion (FA) and actin cytoskeleton. Rho and Rac are mutually antagonistic (Bottaro et al. 2002; Lutolf and Hubbell 2005; Discher et al. 2009 ). YAP/TAZ activity requires Rho/ROCK signaling and cytoskeletal tension. ROCK activity plays a central role in modulating ECM-microenvironment, which strongly affects proliferation, migration, and differentiation-state of PDL cells. Inhibiting ROCK activity using Y-27632 induces cell proliferation and migration of PDL cells. Y-27632 also increases pluripotency with the expression of c-Myc, Nanog, Klf4, and Oct3/4. Inactivation of ROCK activity directs PDL cells to an adipogenic fate while the activation of ROCK activity directs them to an osteogenic fate. ROCK mediates osteogenic differentiation by interacting with Runx2 expression. The expression of collagen-I and fibronectin is also dependent on ROCK activity. The ECM-microenvironment may mediate osteogenic differentiation of PDL cells through a mechanism involving ROCK-dependent upregulation of ECM component expression, which subsequently initiates neo-ECM synthesis in an autocrine manner. Niche cells, such as cementoblasts, osteoblasts, and perivascular cells, may partly affect ROCK activity
The study to uncover the role of Rho/ROCK signaling in PDL cells began with the analysis of mechanotransduction because the homeostasis and regeneration of PDL cells are closely related to the mechanical changes arising because of occlusal forces (Beertsen et al. 1997; Pavlin and GluhakHeinrich 2001) . It has been suggested that mechanical stress-mediated Rho/ROCK signaling is linked to the expression of a series of osteogenic molecules, such as activator protein-1, osteopontin, and receptor activator of nuclear factor-kappa B ligand, in PDL cells (Kletsas et al. 2002; Yamashiro et al. 2007; Wongkhantee et al. 2008; Hong et al. 2010; Pan et al. 2014) . A better understanding of how PDL cells adapt to the mechanical stress may contribute to the analysis of their osteogenic lineage.
Pluripotency and proliferation
ROCK directly phosphorylates myosin light chain 2 (MLC2) (Amano et al. 1996) , which leads to increased contractility of actin-myosin bundles because of an increase in myosin ATPase activity (Katoh et al. 2001) . These processes are prevented by exposure of the cells to Y-27632, a pharmacological inhibitor of ROCK. Y-27632 is capable of reducing the ROCK activity with only minimal alterations in other kinase pathways (Uehata et al. 1997) . In PDL cells, Y-27632 can decrease MLC2 phosphorylation and actin polymerization, which are accompanied by a marked reduction in F-actin formation . Y-27632 is now commonly used to increase the cloning efficiency of pluripotent human embryonic stem cells (hES cells) by decreasing dissociation-induced apoptosis. Y-27632-treated hES cells produce many large colonies, showing positive signal for the undifferentiated-state markers, ALP, E-cadherin, POU class 5 homeobox 1 (POU5F1, Oct3/4), and stage-specific embryonic antigen 4 (SSEA4). Y-27632-treated hES cells also retain autonomous proliferation ability and enhanced pluripotency (Watanabe et al. 2007) . In PDL cells, Y-27632 remarkably reduce the rate of appearance of ALP-positive colonies; however, the total number of colonies is not affected (Ugawa et al. 2017 ) and the size of Y-27632-treated colonies is larger than that of untreated colonies (Wang et al. 2017 ). Moreover, Y-27632 significantly increase the rate of cell proliferation and the expression of pluripotent markers, MYC protooncogene (c-Myc), Nanog homeobox (Nanog), Kruppel-like factor 4 (Klf4), and Oct3/4 (Wang et al. 2017 ). These findings indicate that ROCK inhibitor is capable of increasing cell proliferation and pluripotency of PDL-derived somatic stem cells.
Differentiation
Y-27632 is widely used to improve the reproducibility and efficiency of differentiation of hES cells and induced pluripotent stem cells (iPS cells) (Watanabe et al. 2007; Kurosawa 2012) . The earlier studies have reported that Y-27632 can decrease cytoskeletal tension and contractility and can inhibit osteogenesis of MSC and osteoblasts (McBeath et al. 2004; Khatiwala et al. 2009; Kilian et al. 2010; Shih et al. 2011) . In contrast, Y-27632 shows differentiation lineage specificity; Y-27632 can induce stem cells to differentiate into adipocytes, neuron cells, endothelial cells, and keratinocytes (McBeath et al. 2004; Pacary et al. 2006; Joo et al. 2012; Li et al. 2015) . Although Y-27632 has been used as a multifunctional agent, the underlying molecular mechanism that determines inhibition or induction of stem cell differentiation remains unclear. Multiple pathways are involved in ROCKmediated osteogenic differentiation. ROCK-dependent-YAP/ TAZ activity has crucial roles in regulating differentiation by interacting with runt-related transcription factor 2 (Runx2) (Pan 2010; Dupont et al. 2011 ). YAP/TAZ has similar effects on Rho/ROCK in regulating MSC osteogenic differentiation; the activation of Rho/ROCK signaling or YAP/TAZ directs MSC toward an osteogenic fate (McBeath et al. 2004; Halder et al. 2012) . The depletion of YAP/TAZ could also block osteogenic differentiation of MSC (Dupont et al. 2011) .
In PDL cells, similar to MSC, F-actin and phosphorylated MLC2 were remarkably enhanced during osteogenic differentiation. The mineralization process was significantly inhibited by Y-27632 in a dose-dependent manner as shown by decreased ALP activity, calcified nodule formation, and expression of osteogenic genes such as ALP and Runx2 while Y-27632 induced adipogenesis in PDL cells. These reports indicate that ROCK dominantly regulates osteogenic differentiation of PDL cells Ugawa et al. 2017; Wang et al. 2017 ). Therefore, ROCK activity governs osteo-adipogenic transdifferentiation by modifying the actin cytoskeleton.
Microenvironment modulation
As stated above, Rho/ROCK signaling may be essential for directing cell fates in response to both mechanical and soluble biochemical factors. Y-27632 affects the expression of numerous genes that regulate actin cytoskeleton, ECM-integrin interaction, epithelial-mesenchymal transition (EMT), and cell cycle (Berenjeno and Bustelo 2008; Croze et al. 2014) . Y-27632 treatment may cause an increase in cell-cell and cell-ECM interactions, which eventually modulate ECM-microenvironment (Kurosawa 2012) . The ECM contains multiple domains that bind with several growth factors. This binding facilitates activation and spatiotemporally controlled release of the growth factors. These events in turn regulate growth factor-induced intracellular signaling (Hynes 2009; Martino et al. 2014 ).
Therefore, modulation of ECM-microenvironment by ROCK is important for cell fate determination.
During osteogenic differentiation of PDL cells, array analysis indicated that the expression of ECM-encoding genes such as fibronectin 1, collagen type I alpha 1, collagen type III alpha 1, and biglycan were markedly downregulated by Y-27632, and a significant decrease in the expression of fibronectin and collagen-I proteins was also observed. Moreover, exogenous fibronectin and collagen-I mediate osteogenic differentiation, with fibronectin showing a more pronounced effect, and the differentiation was almost completely blocked by Y-27632 Ugawa et al. 2017 ). These reports indicate that ECM-mediated differentiation is dependent on ROCK signaling and may represent an autocrine regulation via which periodontal ECM mediates osteogenic differentiation of the PDL cells through a mechanism involving ROCKdependent upregulation of ECM component expression. Remodeling of the ECM architecture is crucial to initiate differentiation of PDL cells. Therefore, ROCK signaling has substantial roles in the establishment of ECM-microenvironment during osteogenic differentiation of PDL cells.
Migration
Cell migration is highly integrated and multistep process that contributes to tissue repair and regeneration. Cell migration involves spatiotemporal regulation by intricate reciprocal interaction between cells and their microenvironment (Ridley 2003) . Rho family proteins play important roles in cell migration by regulating actin and adhesion organization and by controlling the formation of lamellipodia and filopodia. The polarity of migrating cells is based on the fact that Rho and Rac family small GTPase 1 (Rac1; hereafter referred as Rac) are mutually antagonistic (Rottner et al. 1999) . A leader cell in collective cell migration showed the upregulation of Rac (Yamaguchi et al. 2015) . Active Rac at the leading edge of cells would suppress Rho activity (Ridley 2003) . Indeed, Rho inhibition induces migration of fibroblasts and MSC (Totsukawa et al. 2004; Jaganathan et al. 2007) . In contrast, Y-27632 decreased stromal cell-derived factor 1 alpha (SDF-1α)-induced migration distance but maintained directionality in MSCs (Park et al. 2017) , suggesting an interactive behavior with other components of microenvironment. In PDL cells, Y-27632 is capable of enhancing migration (Wang et al. 2017) , probably by activating Rac signaling (our unpublished observation). Integrin-mediated cell adhesion to ECM provides essential signals for cell migration. A potent inducer of PDL cell migration, PDGF-BB, activates Rac signaling and several integrin isoforms in migrating PDL cells. The Rac inhibitor-NSC23766 and neutralizing antibody for integrin α5 can significantly inhibit PDL cell migration (our unpublished observation). Therefore, microenvironment, which involves coordinated interactions with PDGF-BB, and integrin α5-Rac/Rho signaling axis may be important for migration of PDL cells.
Apoptosis
ROCK is also recognized as a pro-apoptotic factor; caspase-3-mediated cleavage of ROCK induces myosin phosphorylation and apoptotic membrane blebbing (Coleman et al. 2001; Sebbagh et al. 2001) , and Y-27632 can reduce apoptosis of dissociated hES cells (Watanabe et al. 2007 ). The ROCKdependent actomyosin hyperactivation can cause apoptosis, which is triggered by the loss of E-cadherin-dependent intercellular contact and involves Rho activation and Rac inhibition (Ohgushi et al. 2010) . In PDL cells, the effect of Y-27632 on apoptosis is not significant (Wang et al. 2017) . Because constitutively active expression of Rho mutants (Rho-V14; a generous gift from Dr. Christopher S. Chen, Boston University) in PDL cells ceased proliferation in prolonged culture (our unpublished observation), there might be some effects of Rho/ROCK signaling on apoptosis. Y-27632 upregulated mRNA expression of transforming growth factor beta 1 (TGF-β1) in osteogenic differentiated PDL cells . Rho/ROCK signaling belongs to TGF-β receptor signaling through Smad-independent pathways. Depending on the cell line, TGF-β can activate Rho/ROCK signaling, which is implicated in TGF-β-induced actin stress-fiber formation, proliferation/apoptosis, and EMT (Derynck and Zhang 2003) . The physiological roles of TGF-β show tissue specificity; major role of TGF-β can be represented by inhibition of cell proliferation in epithelia but by induction in mesenchymal cells (Bhowmick et al. 2003; Wrighton et al. 2009 ). In PDL cells, TGF-β1-induced proliferation and cytoskeleton rearrangement were dependent on ROCK activity . Therefore, apoptotic effects of ROCK may have tissue specificity and environmental dependency, which are intricately regulated by crosstalk between ROCK and TGF-β signaling. ROCK-mediated ECM such as fibronectin may be necessary for effective activation of TGF-β (Hynes 2009 ). The mechanisms underlying the pro-apoptotic role of ROCK are not fully understood yet.
The healing patterns of periodontium depend on the dominant cell type in the tissue defect (Melcher 1976 ). Owing to the higher proliferative rate of gingival epithelial cells than that of PDL cells, it is critical to inhibit epithelial migration, allowing the tissue defects to be repopulated by PDL cells (Polimeni et al. 2006) . Meanwhile, re-epithelialization must be completed as rapidly as possible to re-establish tissue integrity. TGF-β/Smad2 signaling inhibits the proliferation and migration of gingival epithelium. It also contributes to maintain tissue integrity by increasing epithelial adhesion and mesenchymal collagen content during wound healing (Tomikawa et al. 2012; Shimoe et al. 2014; Alotaibi et al. 2014; Hongo et al. 2016 ). However, long-term effects of Smad2 induce excess apoptosis of gingiva and alveolar bone loss (Fujita et al. 2012; Alotaibi et al. 2016) . Therefore, during regeneration in the epithelial-mesenchymal boundary, repopulating PDL cells may release regulatory factors such as TGF-β to counteract the apical migration of epithelium in a spatiotemporally controlled manner.
In vivo expression
Two mammalian ROCK homologs have been identified, ROCK1 and ROCK2. ROCK proteins were initially reported to be ubiquitously expressed throughout embryogenesis and in adult tissues. ROCKs have also been demonstrated to have tissue-specific expressions; ROCK1, in comparison to ROCK2, is significantly expressed in the thymus and blood (Julian and Olson 2014) . In bone marrow, ROCK1 is more abundantly expressed than ROCK2 (Fagerberg et al. 2014) . ROCK1-and ROCK2-knockout mice have been found to have distinct phenotypes, suggesting that their biological roles and spatiotemporal expression patterns are certainly different Thumkeo et al. 2005) . Although Y-27632 is not isoform selective, it is widely used for biological studies and pharmaceutical therapies for various diseases (Duong-Quy et al. 2013; Mishra et al. 2013; Watzlawick et al. 2014; Pernis et al. 2016) .
There have been a few reports on in vivo ROCK expression in periodontium. During tooth development, ROCK is expressed in the ameloblasts and involved in ameloblast differentiation and dental enamel development (See Glossary) (Otsu et al. 2011; Peng et al. 2011; Xue et al. 2013) . During orthodontic tooth movement, the expression of ROCK has been identified in the tension side of periodontal ligament, suggesting that ROCK is involved in periodontal tissue remodeling during the movement (Meng et al. 2015) . In the physiological condition of periodontium, phosphorylated MLC2, a direct effector of ROCK, is localized in the border region adjacent to the bone and the cementum where differentiated PDL cells are present with an increased expression of collagen-I and ALP activity (Rooker et al. 2010) . These observations strongly suggest that increased ROCK activity and synergistic increase of ECM components play important roles during osteogenic differentiation of PDL cells (Fig. 2) .
Inflammation
Rho/ROCK signaling also acts as an inflammatory regulator. In epithelial cells, inflammation disrupts tight junctions and induces hyperpermeability; these events not only promote bacterial invasion but also prolong inflammation. This entire process is generally dependent on Rho/ROCK signaling (Hirase et al. 2001; Adamson et al. 2002; Schaible et al. 2013) . Certain functions of immune cells, such as neutrophil migration, neutrophil adhesion to epithelial cells, and T-cell immunity are also regulated by Rho/ROCK signaling (Saito et al. 2002; Yagi et al. 2006; Hasan et al. 2013) . Interestingly, Rho/ROCK signaling-mediated extracellular environment may modulate pro-inflammatory (M1) vs. pro-healing (M2) activation (McWhorter et al. 2013 ). Moreover, Y-27632 significantly inhibits lipopolysaccharide-induced tissue failure and injured tissue damage in vivo. The expression of a series of inflammatory cytokines, such as tumor necrosis factor-alpha, interleukin-1 beta, and monocyte chemoattractant protein 1, are reduced in the Y-27632-treated tissues (Segain et al. 2003; Meyer-Schwesinger et al. 2009; Poosti et al. 2012; Wang et al. 2015) .
Although periodontitis is an oral biofilm-induced inflammatory disease, to the best of our knowledge, only few studies have investigated the regulation of periodontal inflammation by Rho/ROCK signaling and Y-27632 (Takemura et al. 2006; Kajiya et al. 2011; Lee et al. 2015) . ROCK activity is important in regulation of inflammation-regeneration interplay, which would be valuable to establish a new strategy for treatment of periodontitis in future.
Conclusions
In the last decade, periodontal tissue engineering and regenerative capacity of PDL cells were extensively studied with emphasis on the effects of growth factors. Despite the presence of a biological rationale for the growth factors, the effect remains limited and unpredictable (Susin and Wikesjö 2013; Cochran et al. 2015) . Use of growth factors in periodontal tissue engineering has certain limitations in terms of cost-effectiveness, biological stability, carcinogenicity, and spatiotemporal specificity (Bartold et al. 2000; Somerman 2011 ). Therefore, besides growth factors, other components of the microenvironment, especially ECM, may have synergistic and expanded effects on bioactivities of PDL cells.
As discussed in this review, Rho/ROCK signaling plays a central role in modulating ECM-microenvironment, which affects cell behavior, proliferation, migration, and differentiationstate of PDL cells, especially PDL-derived stem cells (Fig. 2) . The ROCK inhibitor Y-27632 is generally capable of disassembling actin cytoskeleton and enhancing activities of stem cells. However, these effects exhibit cell specificity and environment dependency, which need to be extensively investigated in future. It is crucial that Rho and Rac should act as molecular switch between on and off state to maintain stem cells in control; such molecular switch should also prevent excessive apoptosis and neoplastic differentiation.
Recent studies have aimed to manipulate ECMmicroenvironment for tissue regeneration by using either artificial ECM or self-produced ECM as a scaffold in the stem cell therapy (Gobaa et al. 2011; Martino et al. 2014; Takewaki et al. 2017; Di Maggio et al. 2017; Zhu et al. 2017 ). These studies have demonstrated strikingly improved regenerative efficiency and proposed promising approaches in clinical applications. It is intriguing how Rho/ROCK signaling is involved in the manipulation of ECM-microenvironment. Monitoring ROCK activity during wound healing could provide one of the lineage-specific clues in this phenomenon. Future studies will continue focusing on modulating the microenvironment to direct tissue regeneration.
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Glossary Periodontal ligament, Connective tissue that surrounds the tooth root and connects to the alveolar bone; Gingiva, The part of the oral mucosa that covers the alveolar bone processes and surrounds the necks of the teeth; Cementum, Calcified mesenchymal tissue that forms the outer covering of the tooth root and provides attachment to periodontal ligaments; Cementoblasts, Continuous cell layer that forms cementum on the root surface and interposes between bundles of PDL fibers; Dental papilla, The ball of condensed ectomesenchymal cells that forms the dental pulp and dentin, the substance beneath the tooth enamel and the cementum; Ectomesenchymal cells, A group of cranial neural crestderived mesenchymal cells; Perivascular cells, Cells migrate into periodontal ligament from the bone marrow by way of vascular channels, which occupy a perivascular location; Enamel, Hard, acellular, inorganic, inert tissue that covers the tooth crown and mainly consists of hydroxyapatite crystallite; Ameloblast, Enamel-forming cells that secret organic matrix proteins and present only during tooth development
